Abstract. Selective Laser Melting (SLM) is a metal additive manufacturing process widely used in industry for its extraordinary versatility and minimal waste of material. Mechanical properties of SLM parts strongly depend on the process parameters such as power, scanning speed, hatch space and scanning strategy. Depending on these latter parameters, the SLM parts can be porous or fully dense. However, the high thermal gradients which are characteristic of this process induce complex distributions of residual stresses and defects such as micro-cracks. In the case where these internal stresses have a negative effect on the physical and mechanical integrity of SLM parts, the well-known solution proposed to reduce them is a post-heat treatment. Incidentally, superficial compressive residual stresses can also be generated by mechanical treatments and can improve the fatigue performance of the treated parts. The aim of this work is to examine the effect of Surface Mechanical Attrition Treatment (SMAT) on the residual stresses present in AISI 316L parts processed by SLM. The X-ray diffraction (XRD) results show that this mechanical treatment is a promising method to avoid the negative effect of tensile residual stresses resulting from the SLM process and can introduce a beneficial superficial compressive residual stress state. Moreover, work hardening and surface roughness were evaluated in all the untreated and SMATed samples.
Introduction
Residual stresses are associated to any fabrication process and can actually be harmful for the samples, leading to lower mechanical properties or even plastic deformation [1] . Manufacturers usually prevent the negative effect of these stresses by using post-heat treatments that fix the desired microstructure and mechanical properties depending on the thermal stability of parts. Another way to reduce these residual stresses is the use of a post-mechanical treatment, such as SMAT (Surface Mechanical Attrition Treatment) [2] . During this treatment, the sample is impacted by a multitude of balls which moves in multiple directions contrary to shot peening where the shot direction is generally normal to the surface sample or presents a specific angle [3] . Consequences of this mechanical post-treatment are multiple, depending on the intensity of the treatment. It can deeply affect the microstructure of the treated part, generate a superficial nanocrystalline layer [4] , increase the micro-hardness [5] , reduce the roughness [6] , or even enhance the nitrogen diffusion [7] .
In this paper, the studied material is a 316L austenitic stainless steel (SS) which was produced by a metallic additive manufacturing process, Selective Laser Melting (SLM). These new methods of manufacturing pave the way to new structures, such as porous ones [8] , with many advantages, like less waste of matter or faster manufacturing but can also introduce defects like cracks, internal porosity, poor surface state and residual stresses [1] . Parts made by SLM usually exhibit tensile residual stresses [8] . Several authors who have studied the effect of SMAT on conventional (cast, wrought) 316L SS showed that SMAT can introduce superficial compressive residual stresses [10] . To the best of the authors' knowledge, there is no previous study investigating the effect of SMAT on the mechanical properties and thermal residual stresses of additive manufactured parts. In this work, the SMAT effect on SLM 316L SS is studied in terms of residual stresses, roughness, micro-hardness, phase analysis and tensile behaviour.
Materials and methods
The 316L powder used to produce the SLM samples was obtained by nitrogen atomisation process. The particles are spherical with a size ranging between 10 and 45 µm. The chemical analysis of the 316L powder is presented in Table 1 . The 316L samples were produced by the Platinium 3D Technology Platform. The geometry and dimensions of the samples are described in Figure 1 .
Fig. 1 : Sample geometry according to ISO 6892-1 [11]
Samples were made under Ar atmosphere with a residual oxygen fraction inside the chamber equal to 0.02%. The building platform was heated at 150°C during the entire process. The samples were built vertically, according to Fig. 1 ., The vertical position of the samples was chosen to ensure the same surface state between the two sides of each sample. The layer thickness was set to 50 µm and the hatch space to 80 µm.
The Vickers micro-hardness measurements were performed using a FM300e equipment from the Future-Tech Company, with a load of 25g during 10s. The measurements were performed in the cross-section perpendicular to the bilding direction. Each hardness experimental value is an average of 7 indentations along the transversal axis performed at the same distance from the surface.
Roughness measurements were performed using a Surtronic 3+ equipment from the TaylorHobson company. The evaluation length for Ra parameter was performed in accordance with the standard NF EN ISO 4287 [12] . Before performing the measurements, two tests were carried out on a reference specimen. After these validation tests, the obtained results are an average of 8 measurements. Residual stresses were measured at the surface of each sample, at three different points in the longitudinal and transverse directions (see Fig.1 ) in order to check the homogeneity of the superficial residual stress state. The X-ray diffraction sin 2 ψ method was used with Cr Kα wavelength.Tensile tests were performed at room temperature using a 5KN Microtest Extended Tensile tester equipment from Deben UK Ltd. with a motor speed of 1.25mm/min.The SMAT parameters that were used are summarised in 
Results and Discussion
Surface roughness: To evaluate the surface roughness, the most universally used roughness parameter for general quality control is the arithmetic average height Ra [13] . As-fabricated parts have a roughness average of 11 ± 1 µm on each side of the samples. This value of roughness is similar to what was found by other authors who worked on 316L SLM, like [14] , [15] with a measured Ra of ~12 µm. This similarity in roughness measurement is due to the nominal size of powder initially used. The general parameters for fabrication (power, scan speed, thickness, hatch space) are indeed different but the size of the used powder is the same (10-45µm). The surface of the as-fabricated samples is a compound of partially melted powder, which is at the origin of this roughness value. As shown in Figure 2 , the SMAT drastically decreases the surface roughness up to 95% so that the surface roughness reaches a value of 1.2 µm.
SMAT exists among other methods designed to reduce surface roughness. Yasa and Kruth used laser re-melting to lower the surface roughness from 12 µm to 1.5 µm [15] .
Fig. 2 : Evolution of the surface roughness Ra
Micro-hardness: In order to have some indication on the micro-hardness of parts produced by additive manufacturing, previous studies reveal a value of micro-hardness of 316L SS SLM between 210 HV 1000 and 240 HV 1000 : [16] speaks about 235 HV, [17] reports values between 210 and 240 HV 1000 , [18] 216 HV 1000 , [19] 228 HV, [11] 225 HV 1000 . In our case, the as-fabricated sample shows a micro-hardness around 240 HV 0.025 near the surface and 205 HV 0.025 in the bulk which is in accordance with literature. As shown in Fig. 3 , SMAT has increased the microhardness by more than 50% in the bulk of the sample. The strain hardening effect has affected the entire width of the sample. For the as-fabricated one, the evolution of the micro-hardness shows an increase from the centre to the surface, a trend which is much less present after the SVH treatment.
Residual stresses:
The as-fabricated sample shows tensile residual stresses up to 30-40 MPa in the transversal direction and 100 MPa in the longitudinal direction (see Fig. 1 ). In the work of [9] the evaluated residual stresses are approximatively equal to 200 MPa with an evolution from 100 to 150 MPa in the sample's thickness. Fig. 4 shows that SMAT generates superficial compressive residual stresses ranging from -170 MPa to -280 MPa. The differences recorded between the three different points of measurement is rather small. Moreover, it has to be -43 underlined that, these measurements do not give any information on the maximum compressive residual stress which is reached after SMAT; on the one hand, Roland et al. [10] indicate that the highest compressive residual stress value after SMAT is reached at the surface of a 316L steel sample, but on the other hand, Gallitelli et al. [20] show that the maximum compressive residual stresses is reached below the surface for a titanium sample subjected to SMAT. Residual stress profile measurements are thus under progress using X-ray diffraction coupled with electropolishing steps. . SVH treatment increases YS by 53 % reaching a value of 852 ± 38 MPa and 7 % for UTS setting the value at 918 ± 6 MPa. The biggest modification is for the Uniform Elongation (UE) which decreases by 71.7 %, with a final value of 7.78 ± 0.6 %. These modifications induced by SMAT on the YS, UTS and UE strongly depend on the treatment intensity: Roland et al. [5] showed the same tendency for conventional 316 L SS before and after SMAT; the more intense the treatment is, the more affected the mechanical properties are [21] .
Conclusion
This study shows that 316L SS SLM subjected to SMAT can have its properties strongly modified (micro-hardness, surface roughness, residual stresses) in order to improve its mechanical behaviour. Other SMAT treatments with different configurations (lower intensity) are currently under way in order to evaluate their effects on this stainless steel properties. Residual stresses should be examined at different depths below the untreated and SMATed surfaces to identify their evolution. SMAT proved to be especially promising to enhance several mechanical properties such as yield and ultimate strengths, nevertheless, it also decreases the ductility (elongation). Besides, additional experiments are under progress in order to understand the effect of SMAT on the strengthening of SLM parts.
Fig. 5 : Tensile tests

